Abstract. Simple criteria, based on the combined use of nmr spectral parameters and potential energy maps, are proposed for the conformational analysis of polypeptides and proteins. Experimentally determined coupling constants 3JNC for the N-Ca bond are consistent with the Karplus-Bystrov relationship. It is proposed therefore that 3JNC can be used to distinguish (a) between rightand left-handed a-helices, (b) between a-helical, p-pleated sheet, and randomly coiled forms of peptides. The average 3JNC for the random coil is predicted. The criteria proposed are valid for both L-and D-amino acids. Correlation between the Karplus-Bystrov relationship for 3JNC and the peptide conformational potential energy map limits the possible values of the N-Ca dihedral angle 4 of each amino acid residue in a polypeptide and protein, and therefore presents a method of conformational analysis in solution superior to the use of either nmr or conformational maps alone. Nmr studies of hydrogen bonding or neighboring-group diamagnetic anisotropy reduce the number of possibilities consistent with the above criteria. A suggestion for evaluating the dihedral angle is presented. These criteria are useful provided the coupling constant is not obscured by line broadening.
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Simple accurate rules for determining details of the conformation of proteins and peptides would be of great help in understanding their chemistry. X-ray diffraction provides the type of information needed to derive such rules for materials in the crystalline form but cannot be used for those solutes which crystallize poorly or for determining the conformation of molecules in solution. Methods capable of revealing the subtle changes in conformation brought about by a change in solution environment or temperature are also needed.
The requirements obviously demand a combination of techniques which give information not only on the overall size and shape of the molecule but also on local structural features. Nuclear magnetic resonance (nmr) which has the intrinsic potential of revealing something of the spatial arrangement of the immediate neighbors of any magnetic nucleus in the molecule, at present seems to be the most promising spectroscopic technique available.
The difficulty in the use of nmr stems from the numbers of overlapping resonances. Although advances in resolution and sensitivity have been made re-cently, nmr studies have not yet resulted in the establishment of any side-chain or backbone conformation in a protein. Such information can be obtained for the smaller peptide antibiotics and hormones. These can be considered "miniproteins" and can serve as excellent models with which to establish rules for the interpretation of nmr and other physical parameters in terms of conformation.
The complex decapeptide gramicidin S-A was the first to be studied in detail by nmr.' In that study, nmr criteria were used to establish (a) the presence of a C2 axis of symmetry, (b) that Val-Orn-Leu tripeptides form an anti-parallel (3-pleated sheet structure linked by two Pro-Phe dipeptides, and (c) the relationship of amide exchange rates to their stereochemical environment. The "anomalously high field" chemical shift of the valine amide protons was explained by invoking diamagnetic anisotropic shielding by neighboring carbonyl groups. The results of this study were confirmed by other groups. [2] [3] [4] [5] [6] [7] The approximate approach to conformational analysis of Stern et al.' has also been applied to oxytocin," 9 actinomycin'0 and some synthetic peptides. Further confirmation that a Karplus-type relationship might be applicable to the CH-NH of peptides also comes from the analogy with the work of Bothner-By23 on alkylethylenes and of Garbisch24 on vinyl-alkyl coupling relationships.
A good test of the validity of the Karplus-Bystrov relationship between 4 and 3JNC is the nmr study of polypeptides of known conformation. The 4) values in the common conformations are known. 16 If the 3JNC read from the Karplus-Bystrov curve for these angles agrees with the experimentally determined 3JNC, it can be assumed that the relation holds for all peptides with trans peptide bonds. This could make the curve of Fig. 1 (Fig. 1A ) and the latter curve can be used with some confidence to distinguish these conformations in solution.
On the other hand, a high 3JNC ; 8 Hz can be predicted from Figure 1A for the left-handed a-helix. Thus the presence or absence of a large value of 3JNC in a polypeptide known to have a-helical structure can be used as a criterion to decide the handedness of the helix. No experimental information is available to confirm this prediction, but we are carrying out tests to confirm it.
Since the prediction for the random coil is 3JNC ; 7 Hz, it should be possible to distinguish it from the right-handed a-helix. Distinction between the random coil and the left-handed a-helix ought to become possible only when a more exact relationship between 3JNC and 46 becomes available, since aL is predicted to have a 3JNC slightly higher than the random coil.
A more exact relationship should allow analysis of the occurrence of preferred structures in flexible portions of a polypeptide chain. Since there is a correlation between the magnitude of 3JNC as a function of 4 and the location of low energy conformations of an amino acid residue (Fig. 1 are known for each residue. (Complete specification of the conformation requires knowledge of the side-chain dihedral angles x as well.) Since the preceding considerations apply only to 4), they must be supplemented (in the absence of nmr information on 4') by other data related indirectly to the conformation, if the conformation of a polypeptide chain is to be defined accurately. Such auxiliary information in some cases may be obtained from hydrogen exchange measurements or ring current effects between side chains.
The occurrence of many slowly exchanging hydrogens in proteins has been attributed generally to hydrogen bonding or to protection from access by solvent, or both.30 There have been attempts to relate differences in exchange rates to conformation. For example, the a-helical and random coil forms of poly-amino acids may have exchange rates3' differing by a factor of the order of 103. The usual measurements of exchange rates yield limited information on local stereochemistry, because the exchange rates cannot be assigned to specific protons or to localized conformational features. This problem can be circumvented in part by using nmr to measure hydrogen exchange rates since the particular protons belonging to classes with various exchange rates may be identified. While this in itself would be insufficient for the identification of both residues participating in the hydrogen bond, combined use of other information may be sufficient to assign the hydrogen-bonded amino acids. Nmr data on hydrogen exchange were so used in the analysis" 2 of gramicidin S-A. Kopple and Ohnishi12 have extended this type of study, although they could not find differences in rates between internally hydrogen-bonded protons and protons hydrogen-bonded with the solvent. They did not, however, study rates hi the range 10-4 to 10-sec. Ohnishi and Urry2 also studied gramicidin S-A and valinomycin.
The temperature dependence of the chemical shifts is also expected to be indicative of the presence of intramolecular hydrogen bonding. In studies of gramicidin S-A'2, synthetic hexapeptides, and valinomycin2 it has been assumed that a small temperature coefficient indicated intramolecular hydrogen bonding and vice versa. Exchange rates and temperature-dependence of chemical shifts can be a measure of strengths of hydrogen bonds, protection from solvent, and intramolecular versus intermolecular hydrogen bonds, but generally are not sufficient to establish a particular conformation in the absence of the more specific information on individual dihedral angles.
VI. Conclusions. It has been shown that the available proton-proton coupling constants 3JNC for the vicinal dihedral angle 4 in the a-helical, p-pleated sheet, and random-coil forms of peptides are consistent with a Karplus-type relationship between 4 and 3JNC. On the basis of this it is suggested that nmr can be used to (a) distinguish the right-handed a-helix (aR) from the lefthanded a-helix (aL) and (b) distinguish between a-helical, p3-pleated sheet, and randomly coiled forms of peptides. It also can provide a means of studying conformational averaging in random-coil structures, and could eventually yield detailed information on protein conformation by providing the values of the dihedral angles determining local conformations of the polypeptide chain. The data on 3JNC for the various common conformations have been available for some time but, to our knowledge, no one has used them to test the validity of the Karplus-type relationship or suggested that 3JNC can offer a means to distinguish these conformations. The simple approach to conformational analysis of peptides and proteins in which a measured coupling constant is related to dihedral angle through the Karplus-type relationship is ambiguous in that there are in general four possible dihedral angles for every coupling constant. We propose that the combined use of the Karplus plot and the conformational (), 4,&) energy maps ( Fig. 1) can reduce the number of possible O's significantly, depending on the compound in question. Even greater refinement can be achieved if these latter O's are used as a basis for a detailed polypeptide energy minimization.
Another way of resolving, in part, the ambiguity remaining after the use of Figure 1 is the use of supplementary structural information. Exchange rates for amide protons and the temperature dependence of amide proton chemical shifts have been utilized to compensate for lack of knowledge of the dihedral angle 4. These measurements, taken by themselves, do not uniquely specify a conformation. However, the information they provide on hydrogen bonding may permit the resolution of some of the ambiguities in the assignment of O)'s based on Figure 1 .
It should be stressed that the main emphasis in this paper is on the method of approach to conformational analysis. The known values of coupling constants are few and often approximate. The Karplus-Bystrov relationship requires more rigorous theoretical and experimental verification. Peptide (4, TP) conformational maps (whether based on "hard sphere" contact estimates or potential energy calculations) and computations of low-energy conformation of specific polypeptides and proteins contain several approximations, being based on semiempirically defined interaction parameters. In spite of all of these drawbacks, we feel that even approximate nmr criteria may stimulate rigorous and detailed investigations resulting in refinement of the approach presented here.
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